Abstract The public health burden of Alzheimer disease (AD), the most common neurodegenerative disease, threatens to explode in the middle of this century. Current FDAapproved AD treatments (e.g. cholinesterase inhibitors, NMDA-receptor agonists) do not provide a ''cure'', but rather a transient alleviation of symptoms for some individuals. Other available therapies are few and of limited effectiveness so additional avenues are needed. Sphingolipid metabolism is a dynamic process that modulates the formation of a number of bioactive metabolites, or second messengers critical in cellular signaling and apoptosis. In brain, the proper balance of sphingolipids is essential for normal neuronal function, as evidenced by a number of severe brain disorders that are the result of deficiencies in enzymes that control sphingolipid metabolism. Laboratory and animals studies suggest both direct and indirect mechanisms by which sphingolipids contribute to amyloid-beta production and Alzheimer pathogenesis but few studies have translated these findings to humans. Building on the laboratory and animal evidence demonstrating the importance of sphingolipid metabolism in AD, this review highlights relevant translational research incorporating and expanding basic findings to humans. A brief biological overview of sphingolipids (sphingomyelins, ceramides, and sulfatides) in AD is first described, followed by a review of human studies including post-mortem studies, clinical and epidemiological studies. Lastly, the potential role of peripheral ceramides in AD pathogenesis is discussed, as well as the possible use of sphingolipids as biomarkers for AD.
Introduction
The public health burden of Alzheimer disease (AD), the most common neurodegenerative disease (Mayeux 2003) , threatens to explode in the middle of this century. The longevity of the US population and other developed countries is increasing and the prevalence of AD, comprising 60-70% of all dementia cases, doubles every decade after age 65 (Jorm and Jolley 1998) . Unless new discoveries are made in the prevention or treatment of AD, the number of cases in the US alone is estimated to increase threefold, to 13.2 million by the year 2050 (Hebert et al. 2003) . Since AD dementia is a lengthy and costly condition, this will create a large burden on the health care system in terms of both costs and services. Societal costs are estimated to be over $100 billion/year in the US alone (Fillit 2000) . These costs will continue to skyrocket as the prevalence of dementia increases. By 2040, an estimated 81 million people worldwide will have dementia (Ferri et al. 2005) .
Current FDA-approved AD treatments (e.g. cholinesterase inhibitors, NMDA-receptor agonists) do not provide a ''cure'', but rather a transient alleviation of symptoms for some individuals. Other available therapies are few and of limited effectiveness. While the development of AD pathology in the brain is poorly understood, it is widely believed that it takes years, or even decades (Snowdon et al. 1996) , after its onset to develop the clinical symptoms of AD dementia. The current causal hypothesis, known as the amyloid hypothesis, postulates that the initial step in the disease is the misprocessing of amyloid precursor protein (APP) leading to production of neurotoxic oligomeric amyloid species which, slowly over time, initiates a complex downstream cascade eventually leading to synaptic dysfunction, neuronal death, loss of neuronal systems, and symptoms in the prodromal phases (e.g., mild cognitive impairment or mild behavioral impairment), followed by the fully symptomatic stage of the disease, dementia (Lyketsos et al. 2008) .
By the time individuals develop dementia, the brain damage may be too extensive to be reversed by interventions targeted at early points of the cascade, such as the misprocessing of amyloid. The best example of this point is a randomized trial report showing that despite a greatly reduced amyloid-beta plaque load in actively immunized AD patients treated with AN1792 (Elan Pharmaceuticals), there was no evidence of improved survival or of an improvement in the time to severe dementia in the treated versus the placebo group (Holmes et al. 2008) . Since the vaccine appeared to remove the amyloid-plaques, one hypothesis is that a better outcome would have ensued if given at an earlier timepoint (i.e. Mild Cognitive Impairment (MCI) or earlier) to patients that had a high likelihood of progressing to AD dementia (Lyketsos et al. 2008 ). This and other recent results from pharmaceutical trials have raised questions about the likely long-term value of antiamyloid therapies, especially if delivered at the fully symptomatic phase of the disease (dementia). This has generated much interest in the pre-symptomatic phases of Alzheimer's, and the development of biological markers to detect disease signatures at this stage. Additionally, interest has turned to non-amyloid aspects of the disease cascade since non-amyloid treatments may be necessary to reverse or slow disease progression.
The role of lipids in AD was first highlighted by the initial findings of Corder et al. (1993) and Strittmatter et al. (1993) , and numerous validation studies, showing that the E4 allele of the APOE gene is the strongest known genetic risk factor for late-onset sporadic AD. ApoE, one of the primary apolipoproteins in the central nervous system (CNS; Merched et al. 1997; DeMattos et al. 2001; Koch et al. 2001) , mediates the transport of lipids (e.g. cholesterol, phospholipids and sulfatides) (Pitas et al. 1987; Mahley 1988; Lomnitski et al. 1999; Han et al. 2003a ) and plays a key role in the maintenance and repair of neurons (Mahley 1988; Nathan et al. 1994; Weisgraber and Mahley 1996) . While lipids play an important role in the structure of neuronal cell membranes, directly affecting the solubility and fluidity of the membrane (reviewed by Mielke and Lyketsos 2006) , lipids are also critical for proper cellular functioning. Alterations in sphingolipids, in particular, can lead to a variety of neuropsychiatric diseases.
Sphingolipid metabolism is a dynamic process that modulates the formation of a number of bioactive metabolites and second messengers critical in cellular signaling and apoptosis. In brain, the proper balance of sphingolipids is essential for normal neuronal function, as evidenced by a number of severe brain disorders that are the result of deficiencies in enzymes that control sphingolipid metabolism. For example, Niemann Pick disease (type I) involves a deficiency in sphingomyelinase (an enzyme that catalyzes the hydrolysis of sphingomyelin), and Tay-Sacks disease results from deficiency in hexosaminidase (involved in the hydrolysis of certain sphingolipids). While these severe disorders are the result of gross disruptions in sphingolipid metabolism, recent discoveries from a number of laboratories suggest that more subtle changes in sphingolipid balance may be intimately involved in neurodegenerative diseases including AD, Amyotrophic Lateral Sclerosis, Parkinson's, and HIV-dementia (France-Lanord et al. 1997; Cutler et al. 2002 Cutler et al. , 2004 Haughey et al. 2004) .
Building on the laboratory and animal evidence demonstrating the importance of sphingolipid metabolism in AD (reviewed by Mattson in this issue), the aim of this review is to highlight the relevant translational research incorporating and expanding basic findings to humans. The role of glycosphingolipids and gangliosides in the pathogenesis of AD has recently been reviewed extensively (see Yanagisawa 2007; Ariga et al. 2008 ) and will not be discussed here. Instead we highlight sphingomyelins, ceramides, and sulfatides.
Laboratory and Animal Studies Link Sphingolipid Metabolism to AD Warranting Translation to Humans
Both laboratory and animal studies suggest that perturbations in sphingomyelins (SM), ceramides, and sulfatides contribute to the pathophysiology of AD. Multiple studies suggest both direct and indirect connections between ceramides and Ab(1-42), the hallmark AD pathology (Gulbins and Kolesnick 2003; Puglielli et al. 2003; Cutler et al. 2004; Jana and Pahan 2004; Lee et al. 2004; Grimm et al. 2005; Kalvodova et al. 2005; Mattson et al. 2005 and reviewed in this issue by Mattson) . SM strongly affects membrane dynamics and is a critical component of lipid membrane rafts. The processing of APP by gamma-secretase, which is involved in the initial steps of AD according to the amyloid hypothesis, has specifically been associated with these lipid rafts (Hur et al. 2008) . Sulfatides have been hypothesized to contribute to AD by increasing axonal damage through an apoE-dependent mechanism (Han 2005) or through their role as anti-inflammatory agents (Marinier et al. 1997) . While ongoing animal and laboratory research is clearly needed to better understand the exact mechanisms by which these sphingolipids contribute to AD pathogenesis, the current evidence warrants translation of this research to humans. This is especially important because animal models of AD and corresponding therapeutic approaches have yet to demonstrate successful translation to the treatment of AD in humans as hoped.
The great majority of human studies examining sphingolipid metabolism in AD have focused on post-mortem analysis of lipid levels in specific brain regions. This is an important first step in describing perturbations of sphingolipid levels in brain regions by disease severity and has led to more recent studies, reviewed below, examining sphingolipid levels in CSF and blood.
Post-Mortem Studies of Sphingolipids in AD
Multiple post-mortem human studies have examined sphingolipids levels in AD. However, comparability is an issue as the several studies have examined different brain regions, white or grey matter (or combinations), as well as different compounds or enzymes within the sphingolipid pathway. These lipids have also been examined at different dementia stages, as defined by the Clinical Dementia Rating (CDR; Hughes et al. 1982 ) such that CDR = 0.5 is very mild dementia; CDR = 1 is mild dementia; CDR = 2 is moderate dementia; and CDR = 3 is severe dementia). Table 1 summarizes the study methodology, sample size and results of the published studies.
Ceramides
The majority of post-mortem studies have reported elevated ceramide levels in both grey and white matter brain regions of AD brain, even at the earliest clinically recognizable stage of AD (CDR of 0.5 at the time of death) relative to normal controls (Han et al. 2002; Cutler et al. 2004; Katsel et al. 2007; He et al. 2010; Bandaru et al. 2009 ). However, one study reported lower ceramide levels in the white matter of the middle frontal gyrus of AD patients compared to controls (Bandaru et al. 2009 ). This conflicting finding may be related to the stage of dementia examined as one study reported elevated ceramide levels across brain regions in patients with early AD (CDR 0.5 and 1) and lower levels in patients with more severe AD (CDR of 2 and 3) (Han et al. 2002) . In a methodologically unique study examining the sphingolipid pathway in AD, Katsel et al. (2007) examined whether the expression of genes that control ceramide synthesis, metabolism and degradation were altered during the clinical and neuropathological progression of AD compared to what occurs during normal aging. Several genes within the sphingolipid pathway were significantly up-or down-regulated at specific disease severities compared to controls. The majority of altered gene expression occurred in temporal and frontal cortices, brain areas affected early in AD. The strongest findings were that enzymes controlling ceramide synthesis, particularly the long-chain ceramides (C22:0 and C24:0), were upregulated early in the disease process, while glucosylceramide was downregulated. These results suggest a shift in sphingolipid metabolism towards the accumulation of ceramides at the earliest stages of AD (CDR 0.5) and are consistent with the other studies described above.
Consistent with elevations in ceramide levels, acid sphingomyelinase (ASM) activity, which metabolizes SM into ceramides, has also been found to be increased in the frontotemporal grey matter of AD cases compared to controls (He et al. 2010 ). Importantly, a positive correlation was found between ASM activity and amyloid-beta or phosphorylated tau in this same region, further suggesting high ceramide levels are associated with AD pathology.
Sphingomyelins (SM)
While post-mortem AD studies of ceramides are consistent, studies of SM levels are less clear. SM levels have been found to be increased (Pettegrew et al. 2001; Bandaru et al. 2009 ) or decreased He et al. 2010) in AD vs. normal brains. One study reported that SM levels positively correlated with number of amyloid beta plaques, but not neurofibrillary tangles (Pettegrew et al. 2001 ). There are no clear differences between studies with regard to brain regions examined, or use of grey or white matter, so the reasons for these discrepancies are not understood. The only study to examine SM across disease severity found no change in SM levels versus controls or by disease severity (Han et al. 2002) .
Sphingosine and Sphingosine-1-phosphate Sphingosine, a pro-apoptotic lipid and metabolite of ceramide, has been found to be elevated in AD brains compared to normal controls (He et al. 2010) . Two studies also reported that the enzyme activity of acid ceramidase, which converts ceramide to sphingosine, was elevated in AD brains versus normal controls (Huang et al. 2004; He et al. 2010) . No studies have yet examined sphingosine or acid ceramidase in MCI or early AD to determine whether they are also perturbed early in the disease pathogenesis. Levels of SM positively correlated with the number of AB plaques, but not with neurofibrillary tangles. Han et al. (2002) Grey and white matter from MFG, MTG, Inferior parietal lobe, CA1 portion of hippocampus and subiculum, entorhinalcortex, cerebellum: 5 CDR = 0, 3 CDR = 0.5, 4 CDR = 1, 6 CDR = 2, 4 CDR = 3.
; Sulfatide in grey and white matter of frontal, temporal and parietal lobes, and cerebellum, in CDR = 0.5-3 vs. CDR = 0. Sulfatide mass did not increase with increasing AD severity from CDR = 0.5 to CDR = 3. : Ceramide in both grey and white matter of all brain regions in CDR = 0.5 to CDR = 3 vs. CDR = 0 brains.
Ceramide mass of CDR = 2 or 3 ; compared to CDR = 0.5 or 1 but still higher than CDR = 0. No differences in SM or galctosylceramide (GalC) mass or GalC sulfotransferase activity by disease severity. Several genes within sphingolipid pathway up-or downregulated at specific disease stages vs. CDR = 0.
Enzymes controlling long-chain ceramide (C22:0, C24:0) synthesis upregulated early in disease process (CDR = 0.5) and glucosylceramide downregulated. No alterations in gene expression for enzymes that control SM and glycosphingolipid turnover into ceramides. He et al. (2010) Grey matter from frontotemporal area: 9 AD, 6 NC.
Divided samples into soluble (cytosolic) and membrane fractions.
: Membrane, not cytosolic, acid sphingomyelinase (ASM) and acid ceramidase (AC) activity in AD vs. NC.
No difference in neurtral sphingomyelinase (NSM) activity. : Ceramide and sphingosine and ; SM and sphingosine-1-phosphate (S1P) levels in soluble (cytosolic) fractions.
Postive correlation between ASM activity and AB and phosphorylated tau protein (PHF-1).
Negative correlation between S1P levels and AB and phosphorylated tau protein (PHF-1). While ceramide and sphingosine are ''pro-apoptotic,'' S1P has been implicated in cellular proliferation and survival and therefore would be hypothesized to be reduced in AD. The only study that examined S1P found decreased levels in soluble (cytosolic) fractions of grey matter from the frontotemporal areas of AD cases versus controls (He et al. 2010) . S1P levels were also negatively correlated with amyloid beta and phosphorylated tau protein levels in the frontotemporal area. Given the antagonistic effects between ceramide and S1P, future studies should examine the ratio of these lipids as potential indicators or predictors of ongoing neurodegeneration or AD progression.
Sulfatides
Compared to cognitively-normal controls, sulfatide levels were significantly decreased by up to 92% in the gray matter of all examined brain regions in persons with a Clinical Dementia Rating (CDR) of 0.5 (Han et al. 2002) . Similarly, in the white matter of all brain regions, sulfatide levels were also substantially depleted (35-51%) in persons with a CDR of 0.5. There was no further decrease in sulfatide mass with AD disease severity (a CDR of 1 to a CDR of 3). These findings suggest that this lipid is altered in the earliest stages of AD, possibly during the preclinical stage of the disease. Since sulfatides did not further decrease with increasing AD severity, these findings imply that sulfatide content is permanently altered in early AD and maintained at a lower level relative to normal controls. The authors hypothesized that this altered state may be in response to amyloid plaques since the number of plaques have also been reported to not dramatically increase in number in AD brains after a CDR of 0.5 (Berg et al. 1998 ). This reduced sulfatide finding in AD was partially supported by Bandaru et al. (2009) who found decreased sulfatide content in white matter, but not grey matter, of the middle frontal gyrus. Sulfatide levels were not significantly altered in the middle temporal gyrus. Further, among AD cases, but not controls, sulfatide levels were higher in the middle frontal gyrus in APOE E4 allele carriers compared to non-carries, suggesting the APOE E4 allele may only be associated with sulfatide dysfunction among those with an underlying neurological disorder.
Lastly, one study reported that the sulfatide precursor, galactosylceramide, was increased in the middle frontal gyrus of AD patients compared to controls or the cerebellum of AD patients. Upon further examination of the frontal cortex lipid raft preparation isolated from AD and controls , there were no differences in galactosylceramide or sulfatide concentrations. This finding highlights the importance of the exact brain region examined as well as whether the lipid is measured in grey or white matter, or more specifically in lipid rafts.
CSF Studies of Sphingolipids in AD
While post-mortem studies are important to examine lipid levels in autopsied-confirmed cases, in vivo studies are the only way to ascertain the role of these lipids in early AD pathogenesis and whether these lipids may be indicators or predictors of disease progression. Only two studies have examined CSF levels of sphingolipids. One examined CSF sulfatide and the sulfatide/phosphatidyinosital (PI) ratio in normal controls and patients with a CDR of 0.5 characterized as having ''incipient dementia of the Alzheimer type'' (Han et al. 2003b ; see Table 2 ). Compared to controls (CDR = 0), patients with a CDR of 0.5 had a forty percent reduction in CSF sulfatide levels. There was no difference in PI levels. However, the sulfatide/PI ratio was the best at differentiating between a CDR of 0 and a CDR of 0.5. A cutoff between 0.68 and 0.72 in the sulfatide/PI ratio resulted in a sensitivity of 90% and specificity of 100%. While the sensitivity and specificity of CSF amyloid-beta (1-42), tau, and p-tau231 in these same samples were not given, the authors did find greater individual overlap between groups for each of these AD markers compared to sulfatides, suggesting that sulfatides may be a better diagnostic marker.
The only other CSF study published to date compared ceramide levels between AD and amyotrophic lateral sclerosis (ALS) patients, and controls with other neurological Using sulfatide/PI ratio, 90% sensitivy & 100% specificy. Satoi et al. (2005) 16 AD, 14 NC, 13 ALS. Among AD: 6 had a CDR = 0.5-1 (mild); 4 had a CDR = 2 (moderate); and 5 had a CDR = 3 (severe)
: Mean ceramide in AD vs. NC (P \ 0.01). ALS was elevated but not sig different from NC. Among AD, CDR = 2 had : ceramide vs. mild (CDR = 0.5-1) or severe (CDR = 3) dementia.
NC Normal control, AD Alzheimer's disease, ALS Amyotrophic Lateral Sclerosis, CDR Clinical Dementia Rating Scale diseases (cervical spondylosis, tension-type headache, metabolic encephalopathy, or infarct) (Satoi et al. 2005 ; Table 2 ). Compared to neurologic controls, AD patients had significantly higher CSF ceramide levels. While the ALS group also had elevated levels compared to controls, this elevation did not reach statistical significance. To determine how ceramides varied by AD severity, the AD group was stratified into mild (CDR 0.5-1), moderate (CDR 2) and severe (CDR 3) AD. Ceramides levels were significantly higher in the moderate (CDR 2) group compared to either the mild or severe AD groups, suggesting that CSF ceramide levels do not continue to increase with severity but rather vary by disease severity in an inverted u-shape. Notably, neither of these studies examined the correlation between CSF sulfatides or ceramides and CSF amyloid-beta or tau levels. The examination of the relationship between CSF sphingolipids, amyloid-beta, tau, and phospho-tau at different AD stages is critical to help elucidate the role of these sphingolipids in the pathogenesis of AD.
Peripheral Studies of Sphingolipids in AD
Blood-based biomarkers for AD have been difficult to develop and often criticized because it is difficult to ascertain direct links between peripheral markers and brain processes. Despite this challenge, a blood-based biomarker would be a giant leap forward as it would meet expert criteria of being ''non-invasive, simple to perform, and inexpensive'' (Growdon et al. 1998) , and be superior to more invasive and costly CSF or brain imaging markers. Moreover, a blood-based biomarker would be a routine tool that could be repeated over time and easily be incorporated into patient care at the general practitioner level or developing counties. While gangliosides have been examined in fibroblasts of AD patients (Pitto et al. 2005) , the examination of peripheral ceramide levels has been lacking. We first measured serum ceramides, and other sphingolipids, among 100 women in the Women's Health and Aging Study (WHAS) II followed up to six times over 9 years to assess cognitive outcomes (Mielke et al. 2010a ). Crosssectionally, lower levels of serum ceramides and SM were associated with memory impairment, but longitudinally higher ceramide levels predicted memory impairment over the follow-up. In fact, none of the participants with blood levels of ceramide C22:0 in the lowest tertile, and only one participant with blood levels of ceramides C16:0 and C24:0 in the lowest tertile, developed memory impairment over 9-years of follow-up. We have replicated the cross-sectional findings in a well-characterized clinical sample (Mielke et al. 2010b) . Participants with amnestic MCI cases had significantly lower plasma ceramide C22:0 and C24:0 levels compared to both NC and AD. Together, these results suggest that blood ceramides vary by disease state with high levels several years prior to onset of memory impairment and low levels in the early stages of memory impairment. Thus, blood ceramides could be used as a biomarker or indicator of AD progression. Ongoing research is pursuing this avenue.
Are Peripheral Ceramides Part of the Causal Chain for AD?
As mentioned above, it is difficult to interpret the association between blood-based measures and brain processes. There could be a direct correlation or, due to the blood brain barrier, blood measures may be indirectly related to brain processes, for example through vascular pathways (see Fig. 1 describing how blood ceramides may be related to AD). It is intriguing that ceramide levels are elevated in brain tissue and CSF of early AD, but appear to be decreased in blood levels. An explanation for these findings was recently provided in a study of how plasma and CSF ceramides in HIV infected subjects was associated with cognitive function. In this study it was found that plasma ceramides showed an inverse relationship to CSF ceramides (Norman Haughey, personal communication). Thus, the lower peripheral ceramide levels that have been observed cross-sectionally in the cognitively impaired and clinically-diagnosed MCI groups described above (Mielke et al. 2010a, b) may be indicative of higher brain tissue and CSF ceramide levels. Ongoing research will further examine the plasma-CSF ceramide correlation in a group of normal control, MCI and AD patients to further understand the utility of plasma ceramides as a biomarker of AD progression. Fig. 1 Peripheral ceramides may be associated with Alzheimer's disease through either direct or indirect mechanisms. Direct mechanism: Peripheral ceramides reflect CSF and brain ceramide levels, both of which have been associated with amyloid-beta levels and neurodegeneration in animal and laboratory studies. Indirect mechanism: Peripheral ceramides have been found to be associated with atherosclerosis, insulin resistance and diabetes, all of which are known risk factors for AD A key aspect of determining the role of blood ceramides in AD pathophysiology will also be to determine the relationship between blood and CSF ceramides and CSF amyloid-beta and tau, the hallmark AD pathology. If there is a strong correlation between blood and CSF ceramide levels, as well as blood ceramides and CSF amyloid-beta or tau, blood ceramides can be utilized as a direct measure of brain ceramides and would be a good blood-based candidate biomarker. However, if a direct correlation is not found, this does not mean that blood ceramides will be useless as biomarkers or risk factors for AD. Despite the dearth of research directly relating SM and ceramides to cognitive impairment or extending the outcome to AD, epidemiological studies have examined blood levels of these lipids in relation to vascular outcomes, which are well-known to increase the risk of AD. High levels of plasma SM and ceramides have been correlated with subclinical atherosclerosis (Ichi et al. 2006; Nelson et al. 2006) . Clinical studies also suggest the importance of these lipids in insulin resistance and diabetes (see recent review by Holland and Summers 2008) . All of these vascular outcomes are known to increase the risk of AD (Hofman et al. 1997; Ott et al. 1999; Xu et al. 2004) , and also affect rate of disease progression after an AD diagnosis (Mielke et al. 2007 ). Thus, even if future research does not find that peripheral and brain ceramide levels directly correlate, this research will be important to further establish the identification of other mechanisms, such as vascular pathways, by which ceramide can increase risk of AD.
Can Spingolipids be Utilized as Biomarkers of AD?
The criterion for a biomarker, defined by Frank and Hargreaves (2003) , is ''A characteristic that is objectively measured and evaluated as an indicator of normal biologic processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention (an indicator of disease status, both clinical and sub-clinical).'' There has been a recent push to identify ''biomarkers'' for AD, using blood, CSF and neuroimaging measures. Such biomarkers could be utilized for different means, including for differential diagnosis or for early pre-symptomatic diagnosis, to predict cognitive progression for the purposes of trial enrichment, to predict drug response, or to serve as surrogate markers in trials. One biomarker will not fit all categories so several are needed. As an objective marker of disease processes, the utility of a biomarker can only be determined after understanding of the proposed biologic pathways. Based on the current human studies examining sphingolipids in AD, we next highlight possible uses of sphingolipids as biomarkers.
Utility of Sphingolipids as a Diagnostic Biomarker for AD
The value of specific lipids, or enzymes, involved in the sphingolipid pathway as potential biomarkers for AD depends on the type of biomarker under consideration and the biomarker medium. As previously proposed in a Consensus Report of the Working Group on Biological Markers of Alzheimer's Disease (Growdon et al. 1998) , an ideal diagnostic biomarker for AD ''should detect a fundamental feature of neuropathology and be validated in neuropathologically-confirmed cases; it should have a diagnostic sensitivity [80% for detecting AD and a specificity of [80% for distinguishing other dementias; it should be reliable, reproducible, non-invasive, simple to perform, and inexpensive.'' While the collection of CSF via lumbar puncture is invasive, it is a useful indicator, albeit indirect, of brain metabolism. CSF amyloid-beta and tau are potential diagnostic markers with moderate to high sensitivity and specificity (Mattsson et al. 2009 ). The field is moving towards the acceptance of these markers in the diagnosis of AD brain disease in MCI or early dementia (Dubois et al. 2007) . In this light, the finding that elevated CSF sulfatides in AD participants with a CDR of 0.5 compared to normal controls (CDR 0.0), and appeared to be better than amyloid-beta(1-42), tau, and p-tau231, is notable and suggests that sulfatides might be better diagnostic biomarkers (Han et al. 2003b) . Additional research comparing the CSF sulfatide/PI ratio to these AD pathologic markers is clearly needed, as well as assessing whether the addition of sulfatides to these CSF markers produces a better diagnostic indicator than either alone. The assessment of CSF ceramides as a diagnostic marker is also warranted.
One potential limitation in sphingolipids as a diagnostic marker for AD may be in distinguishing AD from other dementias or neurological conditions. CSF ceramide levels did not significantly differ between AD and ALS patients in the study conducted by (Satoi et al. 2005) and CSF sphingolipid levels were found to be elevated in HIVdementia patients (Haughey et al. 2004 ). Thus, in order to determine whether CSF sphingolipids are a diagnostic marker for AD, comparison to other dementias and neurological conditions is needed. However, it is important to point out that even if CSF sphingolipids are not found to be specific diagnostic markers of AD this would not obviate the utility of these measures as markers of neuronal injury or neurodegeneration. If CSF sphingolipids are altered across neurodegenerative conditions, it is possible they could be a marker of disease progression for several disease, as for example creatinine phosphokinase is a marker of myocardial injury from diverse etiologies, and therefore still useful to the study of mechanisms and therapeutics in neurodegenerative disease.
Utility of Sphingolipids as Other Biomarkers
To date, there are no established biomarkers of AD progression. Cognitive, affective and behavioral symptoms are imprecise indicators of disease progression in the brain, and only observed after substantial pathology has developed. There is a need to identify other indicators that can accurately assess the progression of ongoing pathological changes in a timely manner. It is possible that ceramides could be such a marker since levels appear to vary by disease severity, increasing in early stages and decreasing at more severe stages. However, longitudinal studies with serial measures are necessary to confirm whether ceramides vary by disease progression within individuals, determine how fast a person in progressing, and how far apart the assessment of the proposed markers is needed. Such studies are ongoing in our laboratory. A key aspect of this biomarker type is using a non-invasive medium that can be assessed multiple times over the course of a disease. We have therefore focused on sphingolipids in blood as repeatable collection of CSF, while possible in small subsets of individuals, is not feasible on a global scale.
While the development of AD pathology in the brain is poorly understood, it is widely believed that it takes years, or even decades (Snowdon et al. 1996) to develop the clinical symptoms of AD, MCI and dementia. One explanation for why current AD treatments do not ''cure patients'' is that by the time medications are given to patients, after a clinical diagnosis of AD, the pathology is too great to reverse. Identifying at an earlier timepoint (i.e., preclinical or at the mild cognitive impairment stage) who will progress to AD would be highly advantageous and likely more effective in halting the disease progression, as we have previously highlighted (Lyketsos et al. 2008) . Thus, there is an important need to identify additional measures that more reliably predict which MCI cases will progress to dementia, or who among cognitive normal individuals will develop MCI or AD dementia. The finding that blood ceramides predicted onset of memory impairment in cognitively normal individuals (Mielke et al. 2010a) , especially ceramide C22:0, in which no one in the lowest tertile developed impairment over nine years of follow-up, warrants further research.
In addition to biomarkers of disease progression, sphingolipids may be important biomarkers for therapeutics. It is difficult to determine whether a particular treatment is therapeutic for a specific patient, especially when such a treatment is ''disease modifying'' as opposed to ''symptomatic''. Therefore, it is critical to develop biomarkers that can be used to develop new treatments, particularly in preclinical and early clinical phases when the impact of disease modifying agents will be greatest. Such biomarkers might be used to predict cognitive progression for the purposes of trial enrichment, predict drug response, or serve as surrogate markers in trials. While laboratory and animal studies suggest both direct and indirect interactions between ceramides and amyloid-beta, there is little research translating this finding to humans. It will be important to establish this relationship in humans as it is possible that reducing ceramide levels may be a therapeutic opportunity for reducing amyloid-beta levels in AD.
Conclusions
Alzheimer's disease (AD) is a growing public health problem with a global burden that is expected to exceed 80 million cases by 2040 (Ferri et al. 2005) . Several pharmaceutical trials have examined anti-amyloid therapies, with little success to date, raising questions about the likely long-term value of anti-amyloid therapies (Holmes et al. 2008) , especially if delivered at the fully symptomatic phase of the disease. This has generated much interest in the pre-symptomatic phases of Alzheimer's, and the development of biological markers to detect disease signatures at this stage, as well as the need for new therapeutic targets. Laboratory and animal studies have implicated sphingolipids in the development of amyloid-beta plaques, as well as neurodegenerative process, both critical features of AD. While little research has translated these findings to human, existing evidence suggests that sphingolipids are altered at the earliest recognizable clinical phase (CDR 0.5) of AD in both CSF and plasma and may be useful diagnostic biomarkers or biomarkers of AD progression. Research on plasma sphingolipids is especially warranted since the majority of AD cases over the next century will occur in the developing world and a blood-based biomarker would be noninvasive, inexpensive, accepted, and more adaptable to rural or developing areas. Examination of the correlation between blood and CSF sphingolipids, as well as measurement of sphingolipid levels early in the disease process will be critical to further understanding the means by which sphingolipids may be used as a biomarker or therapeutic target for AD.
